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High  temperature  water  electrolysis  based  on  Solid  Oxide  Electrolysis  Cell  (SOEC)  is  a  very  promising 
solution  to  produce  directly  pure  hydrogen.  However,  degradation  issues  occurring  during  operation  still 
represent  a  scientific  and  technological  barrier  in  view  of  its  development  at  an  industrial  scale.  Elec¬ 
trochemical  Impedance  Spectroscopy  (EIS)  is  a  powerful  in-situ  fundamental  tool  adapted  to  the  study  of 
SOEC  systems.  Hence,  after  a  quick  presentation  of  EIS  principle  and  data  analysis  methods,  this  review 
demonstrates  how  EIS  can  be  used:  (i)  to  characterize  the  performance  and  mechanisms  of  SOEC  elec¬ 
trodes;  (ii)  as  a  complementary  tool  to  study  SOEC  degradation  processes  for  different  cell  configurations, 
in  addition  to  post-test  tools  such  as  scanning  electron  microscopy  (SEM)  or  X-ray  diffraction  (XRD).  The 
use  of  EIS  to  establish  a  systematic  SOEC  analysis  is  introduced  as  well. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  is  a  leading  candidate  as  energy  carrier  due  to  its 
clean,  storable  and  transportable  characteristics  [1—3],  However, 
most  of  current  hydrogen  production  methods  such  as  steam 
reforming,  partial  oxidation  of  heavy  hydrocarbons  or  gasification 
of  coal  are  based  on  the  use  of  fossil  fuels.  Among  the  various 
existing  processes,  water  electrolysis,  based  on  the  use  of  water  and 
electricity,  is  the  cleanest  way  to  produce  hydrogen.  Moreover, 
increasing  the  temperature  allows:  (i)  avoiding  the  use  of  expensive 
catalyst  such  as  platinum;  (ii)  using  less  electrical  energy  balanced 
by  more  thermal  energy  which  would  be  at  least  partly  wasted 
otherwise;  (iii)  working  at  higher  current  densities,  meaning  gen¬ 
eration  of  important  quantities  of  directly  pure  hydrogen  [1,2,4],  As 
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shown  in  Fig.  1,  high  temperature  electrolysis  (HTE)  can  be  per¬ 
formed  using  a  solid  oxide  electrolysis  cell  (SOEC)  which  is  close  to 
a  reversibly  operated  solid  oxide  fuel  cell  (SOFC).  The  principle  of 
electrolysis  explained  in  Fig.  1  corresponds  to  the  most  common 
used  case  of  an  oxide-ion  conducting  electrolyzer,  which  differs 
from  the  proton-conducting  electrolyzer. 

The  idea  of  producing  hydrogen  through  high  temperature 
electrolysis  of  water  using  a  solid  oxide  electrolyzer  cell  began  to 
grow  during  the  1970s  [5-8],  and  one  of  the  first  fundamental 
contributions  in  this  field  was  made  by  Badwal  [9]  who  evaluated 
the  potential  of  urania— yttria  fluorite-type  solid  solutions  as  elec¬ 
trodes  for  high  temperature  electrolysis  of  water  through  kinetic 
studies  of  oxygen  reactions  at  the  (U0.7,  Y0.3)O2  +  X/Y SZ  interface. 
However,  interest  on  SOEC  really  rose  during  the  1980s  as  shown  by 
the  following  mentioned  projects  and  investigations,  which 
represent  some  of  the  very  first  advanced  approaches  on  SOEC.  To 
begin  with,  Westinghouse  Electric  Corporation  R&D  Center, 
through  the  studies  of  Isenberg  [10]  and  Maskalick  [11],  especially 
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Abbreviations,  symbols  and  definitions 

Ph2 

hydrogen  partial  pressure  (atm) 

Ph2o 

water  partial  pressure  (atm) 

ADIS 

analysis  of  the  difference  in  impedance  spectra 

Po2 

oxygen  partial  pressure  (atm) 

BCFN 

barium  cobalt  iron  niobium  oxide,  BaCoo.7Feo.2Nbo.1O3 

RP 

polarisation  resistance  (fi) 

-  5 

Rs 

ohmic  resistance  (Q) 

BSCF 

barium  strontium  cobalt  ferrite,  Ba0  5Sr0  5Co0  sFe0  2O3 

Rhf 

high  frequency  resistance  (Q  cm”2) 

_  s 

Rlf 

low  frequency  resistance  (Q  cm”2) 

C 

capacitance  (F) 

Rmf 

middle  frequency  resistance  (Q  cm”2) 

CGO 

gadolinia-doped  ceria,  (Gd,Ce)02 

R/l  CPE 

resistance-constant  phase  element  parallel  circuit 

Chf 

normalized  high  frequency  capacitance  (F  cm”2) 

SEM 

scanning  electron  microscopy 

Cmf 

normalized  middle  frequency  capacitance  (F  cm”2) 

SFM 

strontium  iron  molybdenum  oxide,  Sr2Fe1.5Moo.5O6  _  5 

Clf 

normalized  low  frequency  capacitance  (F  cm”2) 

SOC 

solid  oxide  cell 

Cp 

adsorption  capacitance  (F) 

SOEC 

solid  oxide  electrolysis  cell 

CPEhf 

high  frequency  constant  phase  element 

SOFC 

solid  oxide  fuel  cell 

CPEmf 

middle  frequency  constant  phase  element 

T 

temperature  (°C) 

D 

surface  diffusivity  (cm2  s”1) 

TEM 

transmission  electron  microscopy 

DRT 

distribution  of  relaxation  time 

TPB 

triple  phase  boundary  (electrode,  electrolyte,  gas) 

EEC 

electrical  equivalent  circuit 

U 

potential  (V) 

EDX  = 

EDS  Energy-dispersive  X-ray  spectroscopy 

XPS 

X-ray  photoelectron  spectroscopy 

EIS 

electrochemical  impedance  spectroscopy 

XRD 

X-ray  diffraction 

/ 

frequency  (Hz) 

YDC 

yttria-doped  ceria 

/hf 

high  frequency  relaxation  frequency  (Hz) 

YSZ 

yttria-stabilized  zirconia 

/if 

low  frequency  relaxation  frequency  (Hz) 

ZIM 

Z"  =  imaginary  impedance  (Q) 

Imf 

middle  frequency  relaxation  frequency  (Hz) 

Zr 

Z'  =  real  impedance  (Q) 

GDC 

gadolinia-doped  ceria,  (Gd,Ce)02 

e' 

real  part  of  the  complex  relative  permittivity  (unit  less) 

H2  electrode  hydrogen  electrode  =  SOEC  cathode  where  water 

e" 

imaginary  part  of  the  complex  relative  permittivity 

reduction  occurs 

(unit  less) 

HTE 

high  temperature  electrolysis 

<P 

phase  angle,  shift  (°) 

i 

current  density  (A  cm”2) 

w 

radial  frequency  (rad) 

i-U 

polarization  curve 

dual 

I 

current  (A) 

atmosphere  two  different  gas  compositions  supplied  to  the  cell, 

j 

complex  number  (unit  less) 

one  for  the  cathode  side  and  one  for  the  anode  side 

k 

ad/desorption  coefficient  (s”1) 

half  cell 

cell  composed  of  an  electrode  and  an  electrolyte 

k 

utilization  length  (pm) 

single 

LSCo 

strontium-doped  lanthanum  cobaltite,  La0.8Sro.2Co03 

atmosphere  one  gas  composition  supplied  to  the  cell 

LSCF 

strontium-doped  ferri-cobaltite,  (Lai-xSrx)COyFei-y03-5 

single 

LSCM 

strontium-doped  lanthanum  chromo-manganite, 

cell 

cell  composed  of  two  identical  or  different  electrodes 

(La,Sr)(Cr,Mn)03 

with  an  electrolyte  in  between,  operated  in  a  dual 

LSF 

strontium-doped  lanthanum  ferrite,  Lao.sSro.2Fe03 

atmosphere 

LSGM 

lanthanum  strontium  gallate  magnesite, 

stack 

addition  of  cells  with  interconnector  plates  in  between 

Lao.8Sro.2Gao.83Mgo.i703_5 

for  current  collection,  atmosphere  separation  and  gas 

LSM 

strontium-doped  lanthanum  manganite, 

supply 

Lao.8Sr0.2Mn03_5 

symmetrical 

Ni— YSZ  metal  (nickel)  and  ceramic  (yttria-stabilized  zirconia) 

cell 

cell  composed  of  two  identical  electrodes  with  an 

composite  material 

electrolyte  in  between.  The  cell  is  operated  in  a  single 

02 

atmosphere 

electrode  oxygen  electrode  =  SOEC  anode  where  oxygen 

oxidation  occurs 

reported  performance  test  results  of  a  7-cell  stack  composed  of  Ni— 
YSZ/YSZ/In203— YSZ  cells  [10]  and  performance  characterization  of 
a  LSM/YSZ/Ni— YSZ  cell  [11],  respectively.  These  studies  included 
stable  electrolysis  at  1000  °C  and  Ph2o/ph2  -  5  with  1.64  V  at  up 
to  -1.6  A  cm”2  [10],  and  a  cell  voltage  of  1.23  V  at -0.3  A  cm”2  [11], 
A  review  of  the  progress  in  water  electrolysis  was  given  by  Imarisio 
at  the  end  of  the  first  hydrogen  program  on  the  European  Com¬ 
munity  [12],  This  review  includes  performance  obtained  at  high 
temperature,  with  a  cell  voltage  of  about  1.5  V  at  -1  A  cm”2  after 
1000  h  operation  at  900  °C,  with  PH2o/Ph2  =  5.  Barbi  and  Mari  also 
contributed  to  the  progress  of  research  in  this  field.  Indeed,  after 
reviewing  the  high  temperature  reduction  kinetic  processes  for  O2 
and  H2O  at  the  cathode/O2”  conducting  electrolyte  interface  [13], 


they  investigated  H2O  reduction  kinetic  processes  at  Pt/YSZ  inter¬ 
face  [14],  Lao.8Sro.2Cr03/YSZ  interface  [15]  and  Pt— Lao.sSrcuCrOs/ 
YSZ  interface  [16],  They  also  studied  the  kinetic  evolution  of  H2O 
reduction  with  current  density  [17], 

It  is  also  worth  mentioning  the  work  developed  by  Schouler  on 
the  relation  between  solid  oxide  electrolyte  surface  properties  and 
electrode  reaction  kinetics,  including  the  case  of  H2O  reduction  [18] 
as  well  as  Salzano  et  al.  on  process  considerations  in  terms  of  en¬ 
gineering  requirements  to  optimize  energy  efficiency  of  an  SOEC 
system  [19], 

The  HOTELLY  project,  through  the  studies  reported  by  Donitz 
et  al.,  was  of  particular  interest.  Indeed,  this  project  (which  started 
in  1975)  aimed  at  considering  the  industrial  issues  to  integrate 
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Fig.  1.  Principle  of  high  temperature  steam  electrolysis  in  the  case  of  an  oxide-ion  conducting  electrolyzer. 


SOECs  in  a  large  scale  electrolysis  plant,  leading  to  very  promising 
results  which  showed  the  viability  of  such  a  way  to  produce 
hydrogen.  Hence,  in  a  first  paper,  Donitz  et  al.  presented  first  per¬ 
formance  results  with  a  cell  voltage  of  1.3  V  for  -0.4  A  cm-2 
applied,  and  first  industrial  engineering  studies  showing  a  total 
efficiency  of  40-50%  for  the  considered  system  [4],  Donitz  et  al. 
then  reported  some  results  on  the  performance  of  tubular  single 
cells  and  stacks,  including  a  voltage  of  1.15  V  at  -0.4  A  cm-2  for  the 
single  cell  and  a  stable  voltage  of  about  1.2  V  at  -1  A  during  800  h 
for  the  stack  [20],  In  another  paper,  a  promising  long-term  test  was 
performed  on  a  single  cell,  with  a  constant  cell  voltage  of  1.07  V 
at  -0.3  A  cm-2  for  1000  h,  as  well  as  a  test  on  a  tube  composed  of  10 
cells  connected  in  series  showing  a  cell  voltage  of  1.33  V 
at  -0.37  A  cm-2  [21  ].  The  latest  performance  result  was  reported  in 
an  additional  paper  where  reversibility  of  the  cells  developed 
during  this  project  was  demonstrated  with  either  hydrogen  or 
carbon  monoxide  [22],  As  part  of  the  HOTELLY  project,  Quandt  and 
Streicher  discussed  in  detail  a  concept  to  build  a  3.5  MW  pilot  plant 
[23], 

Despite  very  promising  technological  perspectives  shown  by 
these  first  studies,  hydrogen  production  by  SOEC  still  implied 
important  costs  compared  to  other  energy  carriers  such  as  fossil 
fuels.  This  surely  explains,  at  least  partly,  the  lack  of  interest  for 
SOEC  observed  during  most  of  the  1990s,  as  shown  by  the  histo¬ 
gram  (Fig.  2).  However,  key  issues  such  as  always  growing  energy 
needs,  mid-term  disappearance  of  important  energy  resources  such 
as  fossil  fuels  and  global  warming  consecutive  to  massive  green¬ 
house  effect  made  production  of  renewable  and  clean  energy 
essential.  A  possible  answer  can  be  the  combination  of  solar 
photovoltaic,  wind  turbine  and  fuel  cell,  making  hydrogen  part  of 
this  energy  mix  as  energy  carrier.  Hence,  interest  in  SOEC  has 
strongly  grown  since  the  end  of  the  1990s,  as  illustrated  in  Fig.  2, 
and  particularly  revealed  by  some  very  interesting  performance 
studies  [24-29],  However,  cell  degradation  occurring  during  elec¬ 
trolysis  is  the  technological  limiting  step  to  make  SOEC  meet  per¬ 
formance  targets  economically  viable  for  possible  applications, 
especially  those  with  long-term  operations.  This  is  the  reason  why 
more  studies  have  been  focusing  on  this  topic  during  the  last  few 
years  [30-35]  (Fig.  2).  Besides,  the  use  of  post-test  characterization 
methods  such  as  scanning  electron  microscopy  (SEM),  X-ray 
diffraction  (XRD)  or  X-ray  photoelectron  spectroscopy  (XPS)  allows 
only  limited  understanding  of  degradation.  Hence,  using  an  in-situ 
method  such  as  electrochemical  impedance  spectroscopy  (EIS)  can 


be  very  helpful  to  get  a  better  understanding  of  cell  degradation 
mechanisms  occurring  during  high  temperature  electrolysis,  even 
if  very  few  studies  have  been  reported  so  far  (Fig.  2).  Thus,  after  a 
short  presentation  of  EIS  principle  and  data  analysis  methods  fol¬ 
lowed  by  a  brief  SOEC  materials  state-of-the-art,  this  review  will 
demonstrate  how  EIS  can  be  used  to  (i)  characterize  electrode 
materials,  both  H2  electrode  and  O2  electrode;  (ii)  study  cell 
degradation  for  different  configurations:  symmetrical  cell,  single 
cell  and  stack;  (iii)  develop  a  qualitative  and  quantitative  system¬ 
atic  SOEC  analysis  approach  with  variation  of  parameters  such  as 
temperature,  current  density  or  Ph2o/ph2  ratio. 

2.  EIS  principle  and  data  analysis  methods 

2.1.  EIS  principle 

Oliver  Heaviside  was  the  first  to  introduce  the  concept  of  elec¬ 
trical  impedance  in  the  1880s,  followed  a  few  years  later  by  Ken¬ 
nedy  and  Steinmetz  who  developed  it  in  terms  of  vector  diagrams 
and  complex  numbers  representation  [36,37],  According  to  Bar- 
soukov  and  MacDonald  [38],  in  the  1920s,  impedance  analysis  of 
real  systems  (i.e.  distributed  in  space)  was  developed  by  Carter  with 


Fig.  2.  Histogram  representing  the  evolution  of  the  number  of  publications  according 
to  Web  of  Science  database  from  the  1990s  to  today  (September  2013)  for  "SOEC"  (red), 
“SOEC  and  degradation”  (green),  and  “SOEC  and  degradation  and  impedance”  (blue). 
(For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 
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the  circle  diagram  of  electrical  engineering  [39]  adapted  to  the 
study  of  dielectric  systems  in  the  1940s  by  Cole  and  Cole  with  the 
plotting  of  >■'  and  e"  in  the  complex  plane  now  known  as  the  Cole- 
Cole  plot  [40],  Later,  from  the  1940s,  impedance  has  been  exten¬ 
sively  used  in  theoretical  treatments  of  semiconductors  and  ionic 
systems  including  by  Randles  [41],  Jaffe  [42],  Chang  and  Jaffe  [43], 
Macdonald  [44],  and  Friauf  [45],  Since  then,  E1S  has  been  developed 
to  become  a  very  strong  experimental  tool  used  in  many  fields  of 
study,  including  the  one  discussed  in  this  review. 

According  to  Lvovich,  similarly  to  resistance,  impedance  is  the 
ratio  between  voltage  and  current,  demonstrating  the  ability  of  a 
circuit  to  resist  the  flow  of  electrical  current,  represented  by  the 
“real  impedance”  term,  but  it  also  reflects  the  ability  of  a  circuit  to 
store  electrical  energy,  like  a  capacitance,  reflected  in  the  “imagi¬ 
nary  impedance”  term.  In  other  words,  impedance  can  be  defined 
as  a  complex  resistance  encountered  when  current  flows  through  a 
circuit  composed  of  various  resistors,  capacitors,  and  inductors,  this 
definition  being  applied  to  both  direct  current  (DC)  and  alternative 
current  (AC)  [37],  EIS  is  based  on  the  measurement  of  a  transfer 
function  as  a  consequence  of  a  disruption  of  the  electrochemical 
system  considered.  When  a  disruption  a(t)  is  applied,  a  response 
b(t )  is  emitted  by  the  system,  a(t)  and  b(t)  being  related  by  a 
transfer  function  H(w)  as  follows: 


B(m)  =  H(b))-A(h>) 

with  A(w)  and  B(w)  the  Fourier  transforms  of  a(t )  and  b(t). 

Since  the  applied  disruption  is  usually  sinusoidal,  the  applied 
signal  is  a(t )  =  aosin(wt)  and  the  emitted  response  is 
b(t)  =  t>osin(wt  +  cp)  with  a  frequency/,  a  “radial  frequency” «  =  2irf 
and  a  phase  shift  cp.  Flence,  electrochemical  impedance  is  defined  as 
the  complex  number  Z(«)  with  the  expression 


Z(w)  =  |Z(w)|exp(j»  =  |Z(w)|(cos  cp  +j  sin  cp)  =  ZR+/ZIM. 

And  the  phase  angle  cp  at  a  chosen  w 

tan  cp  =  ZIM/ZR  or  q>  =  arctan(ZIM/ZR) 

As  expressed  by  Lvovich  [37],  ZR  and  Zm  can  be  respectively 
considered  as  an  “in-phase”  and  an  “out-of-phase”  part  of  the 
impedance. 

Since  electrochemical  systems  considered  are  usually  not  stable 
with  time  and  non-linear,  measurements  have  to  be  done  carefully. 
Indeed,  one  has  to  make  sure  that  no  evolution  of  the  system  occurs 
during  the  measurement,  and  the  amplitude  of  the  sinusoidal  part 
of  the  applied  signal  has  to  be  low  enough  to  consider  that  the 
function  I  =J[U)  is  linear  in  the  disrupted  domain  (see  illustration  in 
Fig.  3). 

Electrochemical  impedance  measurements  are  realized  in  a 
whole  frequency  range,  typically  from  kHz  to  mHz,  and  usually 
represented  in  a  Nyquist  plot  (Fig.  4a)  or  a  Bode  plot  (Fig.  4b).  By 
varying  experimental  parameters  such  as  current  applied,  tem¬ 
perature,  reactant  composition,  etc.  frequency  shifts  in  the 
impedance  spectra  can  be  observed,  revealing  information  on 
electrochemical  processes  governing  the  system.  Besides,  one 
strong  characteristic  of  this  method  is  that  measurements  can  be 
done  while  the  system  is  functioning  i.e.  in-situ  measurements, 
allowing  access  to  information  that  would  not  be  obtained  other¬ 
wise  (with  post-mortem  characterization  methods  for  instance). 
However,  the  interpretation  of  impedance  spectra  can  quickly 
become  challenging,  requiring  the  use  of  additional  tools  such  as 
electrical  equivalent  circuit  (EEC),  distribution  of  relaxation  time 
(DRT)  or  analysis  of  the  difference  in  impedance  spectra  (ADIS)  for  a 
better  and  deeper  understanding. 


Z(w)  =  AU(w)/A/(w) 

where,  in  potentiostatic  mode,  AU(w)  is  the  applied  disruption  in 
voltage  at  a  fixed  potential  Uo  (Al/(w)  =  Uosin(wt)),  and  A/(«)  the 
emitted  response  in  current  with  a  constant  component  I0 
(A/(w)  =  /osin(«t  +  cp)).  When  measurements  are  done  in  galva- 
nostatic  mode,  it  is  the  current  which  is  applied  to  the  system  and 
the  voltage  which  is  emitted  as  a  response  (see  Fig.  3). 

Using  Euler’s  relationship  (expQV)  =  cos<p  +  jsincp,  where  j  is 
defined  as  j2  =  -1),  Z(w)  can  be  expressed  as  a  combination  of  real 
(ZR)  and  imaginary  ( Zm )  parts  as  follows: 


U  (mV) 


logf 


Fig.  4.  Nyquist  (a)  and  Bode  (b)  representation  of  complex  impedance. 
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2.2.  EIS  data  analysis  methods 

Here  are  briefly  presented  the  most  common  methods  used  for 
EIS  data  analysis. 

2.2.1.  Electrical  equivalent  circuit  (EEC) 

Impedance  diagram  analysis  is  commonly  performed  using 
electrical  equivalent  circuits  (EEC).  This  kind  of  analysis  consists  in 
fitting  a  measured  impedance  diagram  with  combination  of  ideal 
(resistor,  capacitor,  inductor,  etc...)  and  non-ideal  (constant  phase 
element  or  CPE,  Warburg,  etc. . . )  electrical  elements  in  series  and/or 
in  parallel.  Hence,  the  impedance  diagram  can  be  separated  into 
different  frequency  ranges,  each  one  represented  by  part  of  the  EEC. 
This  deconvolution  of  the  impedance  diagram  allows  distinguish¬ 
ing  the  main  contributions  governing  the  system  considered,  each 
contribution  associated  to  a  frequency  range,  a  relaxation  fre¬ 
quency  and  the  electrical  element  values.  Therefore,  discussions 
based  on  variation  laws  deduced  from  impedance  evolutions,  their 
analysis  through  modeling  and  literature  data  lead  to  the  identifi¬ 
cation  of  the  main  physical  and  electrochemical  phenomena 
explaining  both  functioning  and  evolution  of  the  system.  Moreover, 
depending  on  the  system  considered,  physico-chemical  data  such 
as  kinetic  parameters,  diffusion  coefficients  or  dielectric  constants 
can  be  obtained.  Two  typical  EECs  used  for  SOEC  are  shown  as 
examples  in  Fig.  5.  The  first  EEC  (Fig.  5a)  is  composed  of  a  resistance 
in  series  with  an  inductance  and  in  series  with  three  circuits  of  a 
resistance  in  parallel  with  a  constant  phase  element.  In  cases  where 
a  contribution  related  to  gas  diffusion  process  is  particularly 
dominant,  the  second  EEC  (Fig.  5b),  where  a  CPE  is  replaced  by  a 
Warburg  element,  can  be  more  adapted.  However,  although  the  use 
of  EECs  seems  to  be  “basic”,  it  must  be  done  with  the  care  of 
ensuring  consistency  between  the  trends  showed  by  the  measured 
impedance  diagrams  and  the  values  of  the  electrical  elements  ob¬ 
tained  with  the  fitting,  since  fitting  of  an  impedance  diagram  based 
on  a  mathematical  program  will  always  lead  to  acquisition  of  values 
but  not  necessarily  to  any  physical  meaning.  Furthermore,  the  main 
weakness  of  this  approach  is  the  need  of  an  a  priori  defined  EEC, 
which  means  that  subjectivity  of  the  user  in  the  choice  of  this  pre¬ 
defined  EEC  may  influence  the  consequent  analysis. 

To  briefly  mention  it,  the  constant  phase  element  (CPE),  widely 
used  to  fit  impedance  diagrams,  is  often  used  to  describe  a  non¬ 
ideal  capacitive  behavior.  The  term  “constant  phase  element” 
means  that  the  phase  angle  of  the  portion  of  a  circuit  represented 
by  this  element  is  AC  frequency  independent  [37],  The  CPE 
impedance  is  expressed  as: 

Zcpe  =  1/Vb0’w)n 

where  Yo(snIQ)  and  n  are  the  frequency  independent  CPE  model 
parameters. 


Rs  L  Rhf  Rmf  Rif 


Rs  L  Rhf  Rmf  Rif 


Fig.  5.  Two  typical  EECs  used  for  SOEC.  The  first  EEC  (a)  is  composed  of  a  resistance  in 
series  with  an  inductance  and  in  series  with  three  circuits  of  a  resistance  in  parallel 
with  a  constant  phase  element.  In  cases  where  a  contribution  related  to  gas  diffusion 
process  is  particularly  dominant,  the  second  EEC  (b),  where  a  CPE  is  replaced  by  a 
Warburg  element,  can  be  more  adapted. 


Since  impedance  diagrams  of  SOEC  systems  are  often  fitted  with 
circuits  including  a  resistance  in  parallel  with  a  CPE,  one  should 
notice  that  the  Nyquist  plot  of  a  resistance  in  parallel  with  a  CPE  is  a 
depressed  semicircular  arc  with  an  angle  of  (n  -  1)  x  90°.  Besides, 
depending  on  the  n  value,  the  CPE  can  describe  several  behaviors. 
For  instance,  when  n  =  1,  the  CPE  corresponds  to  a  pure  capacitor 
with  Yq  =  C  while  when  n  =  0,  the  CPE  represents  an  ideal  resistor 
with  Y0  =  1  /R.  In  addition,  in  the  special  case  of  n  -  0.5,  the  CPE  is 
assimilated  to  a  Warburg  element  which  represents  the  impedance 
created  by  the  diffusion  resistance  to  current  flow  carried  by  elec¬ 
troactive  species  [37],  Thus,  according  to  Lvovich  [37],  depending 
on  the  n  value  and  the  system  considered,  the  CPE  can  be  associated 
to  (i)  electrode  inhomogeneity  and  surface  roughness;  (ii)  electrode 
porosity;  (iii)  variability  in  thickness  and  conductivity  of  surface 
coating;  (iv)  slow,  uneven  adsorption  process;  (v)  nonuniform 
potential  and  current  distribution  at  the  surface;  (vi)  grain 
boundaries  and  crystal  phases  on  polycrystalline  electrode.  How¬ 
ever,  one  has  to  keep  in  mind  that  despite  a  good  ability  to  fit 
impedance  diagrams,  interpretation  of  the  CPE  behavior  and  so  its 
association  to  one  of  these  processes  can  be  particularly  difficult. 
CPE  and  Warburg  element  are  described  and  discussed  in  more 
details  elsewhere  [37], 

2.2.2.  Analysis  of  the  difference  in  impedance  spectra  (ADIS) 

According  to  Jensen  et  al.  [46],  analysis  of  the  difference  in 

impedance  spectra  (ADIS)  is  a  method  based  on  the  change 
occurring  in  an  impedance  spectrum  when  an  optional  operation 
parameter  such  as  partial  pressure  of  a  reactant,  temperature,  etc., 
is  changed.  An  impedance  spectrum  is  recorded  just  before  such  a 
change  and  another  spectrum  just  after  it.  The  real  part  of  the 
spectra  is  differentiated  with  respect  to  ln(/),  where  /  is  the  fre¬ 
quency.  The  difference  in  this  quantity,  dZ'(J)ldln(f),  between  the 
two  spectra  is  named  AZ'  and  is  plotted  vs  log(/).  The  resulting 
spectrum  enables  detection  of  processes  affected  by  the  altered 
operation  parameter.  The  difference  in  the  imaginary  part  of  the 
two  impedance  spectra  (named  AZ")  contains  almost  the  same 
information.  However,  plotting  AZ"  vs  log(/)  does  not  provide  the 
same  resolution  in  the  frequency  domain.  In  addition,  the  AZ' 
spectrum  may  provide  detailed  information  about  the  nature  of  the 
involved  processes.  Thus,  the  ADIS  approach  allows  analyzing  the 
variations  of  a  measured  impedance  diagram  as  a  consequence  of 
the  variation  of  a  parameter.  A  complete  study  may  finally  lead  to 
the  identification  of  one  or  several  phenomena  related  to  the  sys¬ 
tem  considered.  However,  the  quantification  in  term  of  relative 
importance  of  a  phenomenon  compared  to  the  others  requires  the 
use  of  an  EEC.  ADIS  theory  is  explained  in  more  details  elsewhere 
[46,47], 

2.2.3.  Distribution  of  relaxation  time  (DRT) 

According  to  Schichlein  et  al.  [48],  a  direct  access  to  the  dy¬ 
namic  constants  in  the  impedance  data  is  provided  by  the 
relaxation  times  (rate  constants)  and  relaxation  amplitudes  (loss 
factors)  of  the  impedance-related  processes.  In  impedance  data 
analysis,  the  distribution  of  relaxation  times  is  the  basic  quantity 
of  interest.  However,  the  relaxation  times  cannot  be  measured 
directly,  because  an  impedance  measurement  at  a  given  radial 
frequency  «  contains  significant  contributions  from  any  relaxa¬ 
tion  time  above  and  below  w-1.  For  systems  with  relaxation 
processes  separated  by  at  least  two  decades  in  frequency,  such  a 
poor  ‘resolution’  is  totally  adequate  [49],  However,  in  complex 
electrochemical  situations,  such  as  practical  solid  oxide  cells 
operation,  the  contributions  of  physically  distinct  processes 
merge  and  a  meaningful  interpretation  of  the  results  is  difficult. 
DRT  is  a  deconvolution  method  that  allows  the  direct  calculation 
of  a  distribution  function  of  relaxation  times  and  relaxation 
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amplitudes  of  impedance-related  processes  directly  from  exper¬ 
imental  data.  Moreover,  distributions  of  relaxation  times  provide 
a  direct  access  to  the  kinetic  parameters  of  the  underlying  pro¬ 
cesses.  In  order  to  obtain  these  distributions,  no  a  priori  choice  of 
an  equivalent  electrical  circuit  model  with  subsequent  non-linear 
least  squares  curve  fit  is  required.  Fourier  analysis  of  the 
impedance  spectra,  in  combination  with  extrapolation  techniques 
and  digital  filtering  in  the  transformed  space  of  the  data  has  to  be 
applied  to  achieve  such  results.  The  DRT  approach  is  particularly 
interesting  because  it  allows  preventing  any  user  subjectivity. 
Thus,  DRT  analysis  of  an  impedance  diagram  can  be  used  as  a  pre¬ 
identification  tool  to  select  the  EEC  most  adapted  to  the  studied 
system.  Consequently,  the  combined  use  of  DRT  and  EEC  is 
strongly  recommended  to  optimize  an  objective  EIS  analysis. 
Moreover,  whatever  the  electrochemical  configuration  (two  or 
three  electrodes),  DRT  analysis  should  enable  discerning  the 
different  impedance  contributions.  In  the  case  of  SOECs,  and 
particularly  for  cells  including  thin  electrolytes,  this  approach  can 
lead  to  the  separation  of  anodic  and  cathodic  contributions 
without  the  use  of  a  reference  electrode.  DRT  theory  is  explained 
in  more  details  elsewhere  [48,50]. 

3.  Electrode  performance  and  mechanisms  characterization 
by  EIS 

3.  i.  Typical  SOEC  electrodes 

Before  presenting  more  specifically  SOEC  electrodes,  electrolyte 
material  must  be  briefly  mentioned.  Yttria-stabilized  zirconia  (YSZ) 
is  by  far  the  most  widely  used  material  as  electrolyte  of  solid  oxide 
cells  (SOCs)  and  remains  a  reference,  even  if  materials  such  as 
Lao.9Sro.1Gao.8Mgo.2O3  (LSGM)  [51,52]  or  one  particular  composition 
of  scandia-doped  zirconia,  i.e.  the  1  mol%  Ce02  10  mol%  SC2O3 
stabilized  Zr02  (ICelOScSZ)  [83,84],  are  considered  in  some  studies. 

3JJ.  Anodic  material  (O2  electrode) 

Strontium-doped  lanthanum  manganite  (LSM)-YSZ  composite 
has  been  extensively  used  as  oxygen  electrode  material  for  both 
SOFCs  and  SOECs  due  to  its  good  electronic  conductivity,  good 
catalytic  properties  at  elevated  operating  temperatures,  excellent 
long-term  stability  and  a  thermal  expansion  behavior  close  to  the 
typical  YSZ  electrolyte  [53-55],  It  is  however  difficult  to  obtain  a 
uniform  LSM— YSZ  composition  which  would  increase  the  length  of 
the  triple  phase  boundary  (TPB)  region  LSM/YSZ/gas.  Sr-doped 
LaCo03  (LSCo)  and  Sr-doped  LaFe03  (LSF)  seem  to  be  interesting 
since  they  showed  much  lower  polarization  losses  than  electrodes 
based  on  LSM  in  SOFC  mode  [56-58],  Another  possible  alternative 
is  to  consider  the  mixed  ionic-electronic  conducting  electrodes 
such  as  promising  lanthanum  strontium  cobalt  ferrite  (LSCF). 
Indeed,  in  addition  to  a  high  electronic  conductivity,  LSCF  electrode 
exhibits  high  oxygen  ion  conductivity  [58-60]  which  is  expected  to 
result  in  an  enlargement  of  the  area  where  oxygen  reaction  can  take 
place  [61,62]  and  to  high  oxygen  surface  exchange  coefficients  for 
faster  kinetics  at  the  gas/electrode  interface  [63],  Ln2Ni04  +  ,5-type 
oxides  (with  the  K2NiF4-type  structure)  are  also  interesting  because 
of  their  aptitude  to  accommodate  a  large  oxygen  over¬ 
stoichiometry,  especially  under  oxidizing  conditions  [64],  this 
capability  leading  to  a  mixed  electronic  and  ionic  conductivity. 
Nd2NiC>4  +  5  oxide  is  especially  studied  because  of  its  higher  over¬ 
stoichiometry  compared  to  the  other  Ln2Ni04  +  ,5-type  oxides 
[65],  which  leads  to  further  improved  performances  [66,67],  It  is 
also  worth  mentioning  BaCoo.7Feo.2Nbo.1O3  _  ,5  (BCFN)  oxide  [52] 
and  Sr2Fe1.5Moo.5O6  _  5  (SFM)  perovskite  [51],  both  recently  stud¬ 
ied  as  potential  SOEC  anode  materials. 


3.1.2.  Cathodic  material  (H2  electrode) 

Nickel— yttria-stabilized  zirconia  (Ni— YSZ)  is  the  most  common 
material  used  as  hydrogen  electrode  for  both  SOEC  and  SOFC  con¬ 
figurations  thanks  to  its  excellent  electrocatalytic  properties 
notably  due  to  a  porous  cermet  (ceramic— metal  composite) 
structure  which  provides  percolation  paths  for  electrons,  oxygen 
ions  and  gas,  as  well  as  a  thermal  expansion  coefficient  close  to  the 
typical  YSZ  electrolyte  [67,68],  Nickel-scandia-stabilized  zirconia 
(Ni-ScSZ)  is  an  alternative  choice  for  Ni-YSZ  which  is  gaining 
attention  [69],  especially  for  applications  at  intermediate  temper¬ 
ature  since  it  shows  better  ionic  conductivity  [70,71],  Perovskite 
strontium-doped  lanthanum  chromo-manganite  (La,Sr)(Cr,Mn)03 
(LSCM),  which  is  electrochemically  active  and  redox  stable  as  SOFC 
anode  material  [72-74],  also  seems  to  be  a  good  candidate  as  an 
SOEC  cathode  material  according  to  the  several  studies  recently 
reported  [75—78],  SFM  mentioned  before  was  also  studied  as  po¬ 
tential  SOEC  cathode  material  [51], 

3.2.  O2  electrode  characterization 

Table  1  contains  the  main  characteristics  of  the  cells  studied  in 
the  papers  discussed  below  in  terms  of  cell  configuration  and 
composition,  EIS  measurement  conditions  as  well  as  measured 
resistances. 

EIS  can  be  used  to  characterize  the  electrode  material  perfor¬ 
mance  and  the  electrode/electrolyte  interface.  In  such  cases,  the 
discussion  is  based  on  the  variation  of  the  ohmic  resistance  (Rs), 
related  to  the  resistance  of  the  electrolyte  and  the  current  col¬ 
lectors,  and  the  polarization  resistance  (Rp),  associated  to  the 
electrochemical  processes.  As  mentioned  before  (see  Section 
3.1.1 ),  LSM  is  widely  used  as  anode  for  SOEC.  The  following  papers 
focus  on  the  influence  of  LSM  microstructure  on  its  electro¬ 
chemical  performance.  Bernuy  et  al.  studied  the  effect  of  LSM 
porosity,  sintering  temperature  and  LSM  impregnation  on  the 
electrochemical  performance  [79].  The  comparison  of  Rs  and  Rp 
showed  that  the  best  oxygen  electrode  is  the  one  with  20%  of 
porosity,  sintered  at  1210  °C  and  impregnated  with  nano-sized 
LSM.  This  sample  is  dominated  by  a  low  frequency  arc  thermally 
activated  with  a  characteristic  frequency  of  5  Hz.  However,  the 
formation  of  La2Zr207  at  the  LSM/YSZ  interface,  characterized  by 
an  important  increase  in  Rs,  decreased  dramatically  the  perfor¬ 
mance  of  the  cell  and  a  way  to  avoid  its  formation  is  hence 
needed.  Yang  et  al.  fabricated  a  strontium-doped  LSM-YSZ  oxy¬ 
gen  electrode  (0.35  cm2  active  area)  with  a  porous  network-like 
microstructure  and  characterized  its  effect  on  the  performance 
of  the  electrolysis  [80],  They  first  showed  that  Rs  is  independent  of 
current  density  and  decreases  when  temperature  increases,  while 
Rp  decreases  when  both  current  density  and  temperature  in¬ 
crease,  as  already  observed  elsewhere  [92,104,124,128],  Besides, 
Rp  values  obtained  in  this  study  are  lower  than  what  reported 
elsewhere  [81,82],  The  additional  use  of  SEM  and  XRD  allowed 
suggesting  that  these  better  performances  are  due  to  the  fact  that 
the  LSM/YSZ/gas  three  phase  boundaries  are  greatly  extended  in 
the  porous  network-like  LSM-YSZ  oxygen  electrode.  It  would  be 
interesting  to  see  if  this  beneficial  effect  is  still  valid  in  a  cell  with 
bigger  dimension.  Liang  et  al.  prepared  a  highly  homogenous 
LSM-YSZ  composite  powder  using  an  in-situ  glycine-nitrate 
combustion  method  for  SOEC  [82],  Based  on  the  electrochemical 
test  results,  the  mechanism  showed  in  Fig.  6  was  proposed  for  the 
activation  process  of  O2-  oxidation  on  LSM-YSZ  electrodes, 
which  involved  the  incorporation  of  surface  segregated  SrO  into 
the  LSM  lattice  and  generation  of  oxygen  vacancies  in  the  LSM- 
YSZ  electrodes.  It  would  be  useful  though  to  know  how  this 
material  would  behave  when  typical  parameters  (i,  T,  etc...)  are 
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2MnMn,LSM  +  °0,LSM  2MnMn,LSM  +  V0*LSM  +  2°2 

V'u.LSM  +  sro  +  2Mn-Mn  LSM  -►  Sr;j  LSM  +  2Mn*nLSM  +  V"LSM+Io2 

°0,YSZ  +  V0*LSM  +  2Mn^n,LSM  -  2e<  °O.LSM  +  V0*YSZ  +  2MnMn,LSM 

Fig.  6.  Mechanism  proposed  by  Liang  et  al.  for  the  activation  process  of  the  02- 
oxidation  on  LSM-YSZ  electrodes  [82],  Elsevier  permission. 


The  following  studies  show  how  EIS  is  also  used  to  compare  the 
behavior  of  several  possible  anode  materials,  with  LSM  taken  as 
reference  material.  In  a  first  paper,  Laguna-Bercero  et  al.  reported 
their  analysis  on  electrochemical  cells  after  combined  SOFC— SOEC 
tests,  in  terms  of  structural,  microstructural  and  electrical  charac¬ 
terization  for  both  LSM-YSZ  and  LSCF  perovskite-based  electrodes 
[83],  The  cell  was  supported  by  a  scandia-stabilized  zirconia 
substituted  with  a  ceria  electrolyte  (lOSclCeSZ).  Rp  values  were 
found  to  decrease  according  to  the  following  order: 
Pt  >  LSM12  >  LSM10  >  LSCF,  while  a  10%  increase  in  the  Rs  value  of 
the  LSM  sample  was  observed.  It  seems  to  be  consistent  with  a 
distorsion  of  the  rhombohedral  [3-Sc2Zr70i7  phase  observed  by 
XRD.  In  addition,  the  impedance  response  at  OCV,  analyzed  using 
an  EEC,  included  a  large  arc  at  low  frequencies  (relaxation  fre¬ 
quency  at  about  200  Hz)  associated  with  the  oxygen  electrode.  In  a 
second  paper,  Laguna-Bercero  et  al.  compared  again  LSM-YSZ  and 
LSCF  electrodes  [84],  In  this  case  again,  Rp  was  higher  for  LSM  than 
for  LSCF.  Nevertheless,  at  800  °C,  whatever  the  electrodes  the  cell 
was  almost  reversible  and  could  work  in  SOFC  or  SOEC  mode.  Even 
if  both  LSCF  and  LSM-YSZ  using  scandia— zirconia-based  cells 
present  encouraging  results,  further  studies  are  required  to  char¬ 
acterize  their  long-term  stability.  Kim  et  al.  compared  the 
performance  of  SOECs  made  from  LSM-YSZ  and  BSCF 
(Bao.5Sro.5Coo.8Feo.2O3  _  5)  oxygen  electrodes  [85].  BSCF  cell  showed 
better  performance  than  LSM-YSZ  cell.  However,  significant  per¬ 
formance  decay  of  the  BSCF  cell  was  observed  under  electrolysis 
mode  compared  to  a  relatively  stable  LSM-YSZ  cell  performance 
under  the  same  operating  conditions.  This  was  characterized  by  an 
increase  in  both  Rs  and  Rp  for  the  BSCF  cell.  Wang  et  al.  prepared  and 
tested  LSM,  LSF  and  LSCo  oxygen  electrodes  [86],  Similar  Rs  values 
were  obtained  for  all  three  cells.  Meanwhile,  LSF  and  LSCo  showed 
better  performance  than  LSM  characterized  by  lower  Rp  values.  LSF 
and  LSCo  exhibited  impedances  that  seem  to  be  only  slightly 
dependent  on  current  density.  Further  measurements  are  however 
needed  to  confirm  these  trends  for  higher  applied  current  densities. 

The  following  papers  deal  with  promising  nickelate-type  and 
perovskite-type  anode  materials  recently  studied.  Nickelate-type 
material  Nd2Ni04  +  ,5  was  investigated  by  Chauveau  et  al.  [66],  The 
EIS  study  of  the  influence  of  temperature  on  the  behavior  of  this 
material  showed  that  Rp  decreases  with  increasing  temperature, 
indicating  that  electrochemical  processes  are  thermally  activated 
for  both  electrodes.  However,  the  diagrams  and  their  frequency 
distribution  were  similar,  showing  that  the  electrochemical  pro¬ 
cesses  remain  unchanged  for  the  considered  temperature  range. 
Thanks  to  the  use  of  a  specific  set-up  containing  a  reference  elec¬ 
trode,  anodic  and  cathodic  contributions  were  separated,  showing 
that  Rp  is  higher  for  the  02  electrode.  Moreover,  Ogier  et  al.  [67] 
compared  three  nickelate-type  materials  (La2NiC>4  +  &, 

Nd2NiC>4  +  d,  Pr2NiC>4  +  5)  to  LSM  and  observed  that  Rp  values  were 
more  than  10  times  lowered  for  the  nickelates,  characterized  by 
better  performances.  These  results  were  obtained  with  a  single  at¬ 
mosphere  half  cell  set-up.  It  would  thus  be  interesting  to  study  the 
behavior  of  these  materials  with  a  single  cell  set-up.  Liu  et  al.  pre¬ 
pared  and  tested  a  perovskite-type  material,  Sr2Fe1.5Moo.5O6  -  d 


(SFM)  in  a  dual  atmosphere  symmetrical  cell  configuration  using 
Lao.8Sro.2Gao.83Mgo.17O3  _  5  (LSGM)  as  electrolyte  [51  ].  By  comparing 
their  study  with  that  of  Yang  et  al.  presented  earlier  [80],  they 
noticed  that  the  Rp  values  of  the  SFM/LSGM/SFM  symmetrical  cell 
were  smaller  than  the  values  reported  by  Yang  et  al.  for  a  LSM-YSZ/ 
YSZ/Ni— YSZ  cell  in  similar  operation  conditions.  In  addition,  the  cell 
showed  a  relatively  good  stability  during  a  100  h  test.  In  another 
paper,  Yang  et  al.  recently  fabricated  and  characterized  a  novel 
perovskite-type  material,  Bao.9Coo.5Feo.4Nbo.1O3  -  5  (BCFN)  as  a  po¬ 
tential  SOEC  oxygen  electrode  using  LSGM  as  electrolyte  [52],  This 
material  showed  usual  trends  with  temperature  and  oxygen  partial 
pressure  change:  their  increase  leads  to  Rp  decrease.  Moreover,  the 
cell  was  stable  during  a  200  h  test.  Thus,  SFM  and  BCFN  seem  to  be 
very  promising  electrode  materials  for  SOECs  based  on  LSGM  elec¬ 
trolyte.  However,  it  would  be  interesting  to  investigate  them  with 
the  standard  electrolyte  material  YSZ  to  have  a  wider  comparison 
range. 

3.3.  H2  electrode  characterization 

Table  2  shows  the  main  characteristics  of  the  different  cells 
mentioned  in  this  part  in  terms  of  cell  configuration  and  compo¬ 
sition,  EIS  measurement  conditions  as  well  as  measured 
resistances. 

As  mentioned  before  (see  Section  3.1.2),  Ni— YSZ  cermet  is  by  far 
the  most  widely  used  cathode  material  in  a  SOEC.  Therefore,  in 
most  of  SOEC  studies,  including  the  ones  discussed  in  this  review, 
Ni— YSZ  is  the  material  used  as  H2  electrode.  Two  interesting  papers 
on  EIS  performance  and  behavior  characterization  of  Ni-based 
cermet  cathode  are  worth  mentioning.  In  the  first  one,  Liang  et  al. 
prepared  a  nano-sized  NiO  powder  on  submicron-sized  YSZ  parti¬ 
cles  via  an  in-situ  coating  method  [87],  Several  composite  powders 
were  prepared  with  different  C0(NH2)2-Ni(N03)2  ratios  and  each 
one  was  used  as  cathode  of  the  single  cell  Ni-YSZ/YSZ/LSM-YSZ. 
An  EIS  analysis  of  each  single  cell  was  performed  using  an  EEC 
composed  of  Rs  for  the  ohmic  resistance  of  the  cell  and  current 
collectors,  L  for  the  inductance  of  the  current  collectors,  RHf//CPEHf 
for  the  high  frequency  arc  and  Rmf//CPEmf  for  the  middle  frequency 
arc.  The  very  interesting  point  is  that  for  each  analyzed  cell,  Rs  and 
Rhf  were  similar  (~0.2  fi  cm2)  while  Rmf  was  much  higher 
( ~  1  O  cm2).  Thus,  the  performance  difference  between  the  cells 
was  caused  by  Ni-YSZ  electrodes.  This  suggests  that  H20  adsorp¬ 
tion  and  diffusion  of  the  Ni-YSZ  electrode  is  the  limiting  step  in  the 
whole  electrolysis  reaction.  However,  it  would  have  been  more 
valuable  to  mention  and  discuss  the  capacitance  values  obtained 
from  CPE  parameters’  values  in  order  to  confirm  or  deny  the  above 
suggestion.  In  the  second  paper,  Patro  et  al.  fabricated  a  symmet¬ 
rical  cell  composed  of  YSZ  and  the  novel  Ni-lCelOScSZ  cermet 
cathode  presented  before  (see  Section  3.1.2)  [69],  The  influence  of 
the  following  parameters  on  the  symmetrical  cell  polarization 
resistance  was  determined  using  EIS:  sintering  temperature,  NiO 
percentage  in  Ni-lCelOScSZ,  thickness  of  coating,  number  of  cur¬ 
rent  collecting  layers  and  number  of  YDC  layers  between  the 
electrolyte  and  the  electrode.  A  temperature  of  1300  °C  was  found 
to  be  the  most  optimized  sintering  temperature  and  the  60%  NiO— 
40%  ScSZ  (vol.  %)  as  the  most  suitable  composition.  Besides,  the 
coating  thickness  of  35  mm  corresponding  to  5  layers  of  coating 
gave  the  minimum  Rp  value.  Moreover,  it  was  found  that  there  is  no 
noticeable  effect  of  applying  a  current  carrying  layer  with  such  a 
functional  layer  and  a  negative  effect  resulted  when  YDC  interface 
layer  was  applied  to  it.  The  next  step  of  this  very  useful  investiga¬ 
tion  would  be  to  test  this  optimized  Ni-lCelOScSZ  as  cathode  in  a 
single  cell  configuration. 

Other  investigations  were  made  on  one  of  the  possible 
alternative  cathode  material,  the  strontium-doped  lanthanum 
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Main  characteristics  of  the  different  cells  mentioned  in  Section  3.3  in  terms  of  cell  configuration  and  composition,  E1S  measurement  conditions  as  well  as  measured  resistances. 


Ref.  Cell  configuration 

[87]  Complete  cell 

[69]  Symmetrical  cell 

[78]  Symmetrical  cell 

[77]  Complete  cell 

[66]  Complete  cell  with 

Au  reference 


02  electrode  Electrolyte 


LSM-YSZ  YSZ 


Ni— ICelOScSZ  YSZ  (support) 


LSCM-YSZ  YSZ  (support) 

LSM  YSZ  (support) 


Nd2Ni04  +  s  YSZ  (support) 


H2  electrode  Active  Frequency  range  Parameters  studied  Experimental 

area  (cm2)  Amplitude  signal  using  EIS  conditions  to 

Fitting  with  EEC  measure  Rs  and  Rp 


Ni— YSZ  (support)  0.9  cm2 


Ni— ICelOScSZ 


LSCM-YSZ  0.785  cm2 

LSCM-YSZ  0.5  cm2 

Ni-CGO  3.14  cm2 


100  kHz-0.5  Hz 
10  mV 


lOMo-1  Hz 
No 


Composition  of  NiO  900  °C 

-YSZ  OCV 

composite  powder  Air 

80%  H20 

Sintering  800  °C 

temperature  3%  H20 

NiO  %  in  Ni 
-ICelOScSZ 


Thickness  of  coating 
nb  of  collecting  layers 
nb  of  YDC  layers 


105-10  2  Hz 
50  mV 
No 

100  kHz-0.1  Hz 
10  mV 


1 04— 1 0  1  Hz 
100  mA 


PH2o/PH2 


1 , 2  or  5 


i  (0, 40,  80, 

120  mA  cm2) 

T  (800,  850,  900  °C) 
%  H20  (20,  40,  60, 


850  °C 
OCV 

Ph2o  /ph2  =  1,2  or  5 
800  °C 
OCV 
02 

60%  H20 


T(750,  800,  850  °C)  750  °C 

OCV 


90%  H20 
Ar  for  reference 


Rp  (Q 

PHF 


0.97 

0.17  (60%  NiO)  (1300  "C) 
0.86  (60% 
NiO) 

0.95  (5 

-0.95 


0.86  1.5 


0.72  (cathode)  0.1  (cathode) 

0.07  (anode)  0.35  (anode) 


I 

8 


S 


Nechache  et  al.  /  Journal  of  Power  Sources  258  (2014)  164—181 


173 


chromo-manganites  (La,Sr)(Cr,Mn)03  (LSCM).  Ringuede  et  al. 
characterized  different  electrode  architectures  based  on  composite 
LSCM/YSZ  material  [78],  The  EIS  measurements  on  the  symmetrical 
cell  showed  that  steam  content  has  little  influence  on  the  material 
behavior  as  cathode.  Among  all  the  studied  assemblies,  the  optimal 
architecture  was  composed  of  a  10  pm  functional  layer  of  at  least 
60  wt%  LSCM  and  of  a  30  pm  pure  LSCM  collecting  layer.  However, 
regarding  the  whole  study  including  i-U  measurements,  an  addi¬ 
tional  collecting  layer  seems  to  be  necessary  with  LSCM  as  cathode 
of  a  SOEC.  In  another  paper,  Jin  et  al.  worked  on  a  SOEC  based  on 
LSCM  hydrogen  electrode  [77],  Various  current  densities,  temper¬ 
atures  and  steam  partial  pressures  were  used  to  understand  the  cell 
behavior.  As  usually  observed  for  Ni-YSZ  [92,104,124,128], 
increasing  current  density  or  temperature  leads  to  a  decrease  in  Rp. 
More  interesting  to  notice  in  this  case  is  the  influence  of  steam 
partial  pressure.  Indeed,  contrarily  to  what  is  widely  reported  for 
Ni-YSZ  [104,120,121,124,128],  Rp  increases  with  increasing  steam 
partial  pressure.  This  could  be  due  to  a  smaller  porosity  of  LSCM 
compared  to  Ni-YSZ.  The  porosity  of  LSCM  was  not  specified  by  the 
authors  to  confirm  this  possible  explanation.  The  same  behavior 
was  observed  for  SFM,  a  material  mentioned  before  (see  Section 
3.1)  which  was  also  studied  as  potential  cathode  material.  This 
behavior  at  higher  steam  partial  pressure  should  be  improved  for 
these  two  materials  to  become  serious  alternatives  as  cathode 
material  of  a  SOEC. 

Another  material  was  recently  used  as  SOEC  cathode,  Ni— CGO 
cermet  [66],  However,  even  if  Chauveau  et  al.  measured  an 
impedance  diagram  of  Ni-CGO  thanks  to  a  configuration  contain¬ 
ing  a  reference  electrode,  no  EIS  analysis  focusing  on  the  behavior 
of  this  material  has  been  done  so  far. 

4.  SOEC  degradation  study  by  EIS 

As  discussed  previously,  EIS  can  be  very  useful  to  characterize 
the  performance  and  the  behavior  of  electrode  materials.  The 
following  part  is  focused  on  studies  where  EIS  has  a  use  in  the 
understanding  of  cell  degradation  for  different  configurations 
considered:  symmetrical  cell,  single  cell  and  stack. 

Table  3  summarizes  the  main  experimental  conditions  for  the 
papers  reported  in  this  part. 

4.1.  Symmetrical  cell 

In  this  paragraph,  the  authors  focused  on  cells  including  two 
identical  electrodes  in  the  same  atmosphere.  Keane  et  al.  investi¬ 
gated  the  LSM  anode  delamination  behavior  by  applying  voltages 
ranging  from  0  V  to  0.8  V  with  respect  to  OCV  [88],  They  observed 
the  development  of  a  weak  anode/electrolyte  interface  with  the 
applied  voltage  leading  to  the  delamination  of  the  anode,  charac¬ 
terized  by  an  important  increase  in  both  Rs  and  Rp.  It  would 
certainly  be  interesting  to  further  analyze  the  possible  frequency 
shifts  in  the  impedance  diagrams  measured  and  relate  them  to  the 
post-test  observations.  In  the  second  paper  considered,  Chen  and 
Jiang  studied  in  detail  the  delamination  behavior  of  LSM  as  oxygen 
electrode  of  an  SOEC  under  an  anodic  current  passage  of 
500  mA  cm”2  for  48  h  [89],  In  this  case  as  well,  the  delamination 
occurred  at  the  electrode/electrolyte  interface  through  the  forma¬ 
tion  of  nanoparticles  (cf.  illustration  Fig.  7)  and  was  also  charac¬ 
terized  by  a  significant  increase  in  both  Rs  and  Rp.  The  use  of  an  EEC 
allowed  separating  the  impedance  diagrams  into  two  arcs  and  so  Rp 
into  two  terms:  a  high  frequency  arc  (HF  arc)  characterized  by  Rhf 
and  suggested  to  be  related  to  the  oxygen  ion  migration  from  the 
LSM  electrode  to  the  YSZ  electrolyte,  and  a  low  frequency  arc  (LF 
arc)  characterized  by  Rlf  and  suggested  to  be  related  to  the  oxygen 
dissociation  and  surface  diffusion.  By  separating  Rp  into  Rhf  and  Rlf, 


Chen  and  Jiang  could  observe  an  important  increase  in  Rhf  with  the 
appearance  of  delamination  while  no  significant  variation  on  Rlf 
was  noticed,  indicating  that  (i)  the  electrode  process  associated  to 
the  HF  arc  is  closely  related  to  the  electrode/electrolyte  interface, 
which  strengthens  its  association  to  oxygen  ion  migration  from  the 
electrolyte  to  the  LSM  O2  electrode;  (ii)  the  electrode  steps  asso¬ 
ciated  to  the  LF  arc  are  not  related  to  the  oxygen  migration  and/or 
charge  transfer  at  the  electrode/electrolyte  interface,  which  denies 
its  association  to  oxygen  dissociation  and  surface  diffusion  [90,91], 
Chen  et  al.  confirmed  these  trends  in  a  second  study  where  the 
same  cell  was  tested  for  100  h  [92],  They  first  observed  once  again 
the  influence  of  the  degradation  at  the  electrode/electrolyte  inter¬ 
face  on  RHf  mainly.  But  more  interesting,  they  calculated  activation 
energies  that  strengthen  the  conclusion  from  their  first  study 
mentioned  above.  Indeed,  they  calculated  an  activation  energy  of 
83  kj  mol”1  (0.86  eV)  for  Rhf  which  is  close  to  the  activation  energy 
value  of  100  kj  mol”1  (1.04  eV)  associated  to  the  oxygen  reduction 
reaction  electrode  process  occurring  at  high  frequency  [93]  and  an 
activation  energy  of  125  kj  mol”1  (1.30  eV)  for  Rlf  which  is  signif¬ 
icantly  lower  than  170—202  kj  mol”1  (1.76—2.09  eV)  corresponding 
to  the  low  frequency  electrode  process  associated  with  the  oxygen 
dissociation  and  surface  diffusion  on  the  LSM  electrodes  [93-95],  A 
possible  way  to  clearly  identify  the  phenomena  related  to  the  LF  arc 
would  be  to  carry  out  other  degradation  tests  with  the  change  of 
one  parameter  per  test  such  as  anodic  current,  gas  composition  or 
gas  distribution,  and  to  analyze  their  influence  on  the  LF  arc.  In  the 
last  paper  mentioned  in  this  paragraph,  Chen  et  al.  studied  the 
electrochemical  performance  and  stability  of  a  palladium- 
infiltrated  LSM— GDC  composite  SOEC  anode  under  current 
applied  for  100  h  [96],  They  first  showed  that  adding  GDC  to  LSM 
leads  to  a  significant  increase  in  the  TPB  areas  for  the  oxygen 
oxidation  reaction  characterized  by  an  important  decrease  in  Rp. 
However,  the  LSM-GDC  composite  showed  a  poor  stability  when 
current  was  applied.  They  also  observed  that  Pd  nanoparticles 
infiltration  leads  to  (i)  a  significant  enhancement  of  the  electro- 
catalytic  activity  of  LSM-GDC  characterized,  here  as  well,  by  an 
important  decrease  in  Rp,  and  more  particularly  RLf;  (ii)  a  much 
more  stable  behavior  of  LSM-GDC  during  the  100  h  test,  even  if 
degradation  of  this  composite  material  finally  occurred  with  the 
agglomeration  of  Pd  nanoparticles.  This  degradation  could  be 
prevented  by  inhibiting  this  agglomeration,  possibly  by  alloying  Pd 
with  Mn  or  Co  [97,98], 

4.2.  Single  cell 

The  first  papers  considered  discuss  the  possible  degradation  of 
the  cell  by  impurities.  The  term  “passivation”  used  in  this  para¬ 
graph  refers  to  a  reversible  degradation  of  the  cell.  In  a  first  study, 
Hauch  et  al.  tested  several  locally  produced  SOFCs  in  HTE  mode  for 
up  to  766  h  [99],  The  cells  were  passivating,  mainly  during  the  first 
100  h  of  electrolysis,  and  could  be  partly  activated  again  by  running 
an  i—U  curve  in  fuel  cell  mode  or  working  in  constant  electrolysis 
conditions  (Fig.  8).  In  terms  of  EIS,  passivation  and  activation  of  the 
cell  were  respectively  characterized  by  an  increase  and  a  decrease 
in  Rp  (Fig.  8),  while  Rs  remained  constant  during  the  entire  test. 
More  interesting  is  that  impedance  diagrams  recorded  during 
passivation  and  activation  at  constant  conditions  were  found  to 
overlap  for  each  frequency,  which  strongly  suggests  that  the  rate 
limiting  steps  during  both  passivation  and  activation  are  associated 
to  the  same  processes  (Fig.  9).  Furthermore,  passivation  was 
characterized  by  a  shift  of  the  HF  part  of  the  impedance  diagram 
associated  to  charge  transfer  at  the  electrode/electrolyte  interface, 
as  presented  before.  Hence,  based  on  the  observation  of  impurities 
containing  silica  and  on  the  work  done  by  Jensen  et  al.  [46], 
Hauch  et  al.  suggest  that  (i)  passivation  of  the  cell  might  be  due  to  a 
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build-up  of  glassy  phase  impurities  at  the  TPB  of  the  H2  electrode 
leading  to  an  increase  in  the  diffusion  path  length  at  the  TPB  and  (ii) 
its  partial  activation  could  be  explained  by  a  break-up  of  the  glass, 
consequently  to  the  crystallization  of  these  glass  phases,  which 
would  lead  to  a  decrease  in  the  diffusion  path  length  at  the  TPB  and 
enable  the  observed  complete  overlap  of  the  impedance  diagrams 
during  passivation  and  activation.  Another  study  made  by  Hauch 
et  al.  strengthens  these  suggestions  [100],  Indeed,  SOE  cells  tested 
for  1000  h  were  found  to  passivate  because  of  silica  impurities 
segregation  to  the  Ni— YSZ/YSZ  interface  (cf.  illustration  Fig.  10) 
characterized  by  Rs  and/or  Rp  increase,  depending  on  test  condi¬ 
tions.  Silica  impurities  observed  by  SEM  are  supposed  to  segregate 
from  glass  sealing.  In  an  additional  study  [101  ],  Hauch  et  al.  verified 
that  silica  impurities  segregate  from  the  applied  glass  sealing  to  the 
H2  electrode/electrolyte  interface  by  changing  the  sealing.  Besides, 
based  on  a  cell  degradation  study  by  EIS  and  the  use  of  the 
deconvolution  model  by  Barfod  et  al.  [102],  they  showed  that 
degradation  of  the  cell  was  characterized  by  an  increase  in  the 
resistance  at  higher  frequency  part  of  the  impedance  diagram 
assigned  here  to  charge  transfer  at  the  H2  electrode  [103],  In  the 
next  study,  Ebbesen  et  al.  examined  for  more  than  1300  h  degra¬ 
dation  of  a  cell  similar  to  the  one  discussed  just  before  [99-101  ]  in 
both  H2O  electrolysis  and  co-electrolysis  of  H2O  and  CO2  [47],  In 
this  case,  impurities  originated  from  inlet  gases.  Indeed,  when  inlet 
gases  were  applied  as  received,  degradation  of  the  cell  occurred 
with  an  initial  passivation  of  the  cell  followed  by  a  long-term 
degradation.  This  degradation  was  characterized  by  an  increase  in 
Rp.  The  use  of  ADIS  allowed  identifying  two  contributions  to  this 
degradation:  one  at  the  Ni— YSZ  electrode  characterized  by  a 
relaxation  frequency  of  100—200  Hz  and  one  occurring  either  at  the 
Ni— YSZ  or  LSM— YSZ  electrodes  characterized  by  a  relaxation  fre¬ 
quency  of  1000-3000  Hz.  Cleaning  the  inlet  gases  leads  to  the 
disappearance  of  the  former  contribution,  meaning  that  this 
contribution  is  surely  caused  by  adsorption  of  impurities  at  the  Ni— 
YSZ/YSZ  interface,  similar  to  what  mentioned  above  [99—101], 
Graves  et  al.  also  studied  the  same  kind  of  cell  for  up  to  382  h  in  co¬ 
electrolysis  [104],  By  analyzing  the  DRTs  of  the  impedance  dia¬ 
grams  measured,  they  distinguished  two  different  degradation 
behaviors.  When  -0.25  A  cm-2  is  applied,  degradation  mainly  oc¬ 
curs  at  the  Ni— YSZ  electrode  whereas  when  -0.5  A  cm-2  or  more  is 
applied,  even  if  the  Ni-YSZ  electrode  still  degrades,  Rs  and  degra¬ 
dation  at  the  LSM/YSZ  electrode  contribute  more  significantly  in 
the  total  loss  of  performance. 

Studies  discussed  so  far  in  this  part  focus  on  relatively  low 
current  densities  applied  (no  more  than  -1  A  cm-2)  which  restrict 
possible  degradation  origins,  simplifying  the  studied  system. 
Nevertheless,  it  remains  interesting  to  consider  degradation  for 
higher  applied  current  densities,  as  shown  by  the  two  following 
studies.  In  the  first  one,  Knibbe  et  al.  examined  the  behavior  of  cells 
under  high  current  densities  (-1,  -1.5  and  -2  A  cm-2)  for  up  to 
900  h  [105],  Important  degradation  of  the  cell  was  observed, 
characterized  by  an  important  increase  in  Rs,  while  increase  in  Rp 
was  not  systematic.  The  observed  Rs  increase  was  attributed  to 
oxygen  formation  in  YSZ  grain  boundaries  close  to  the  LSM— YSZ/ 
YSZ  interface,  based  on  the  observation  by  TEM  and  SEM  of 
increased  porosity  and  fractures  in  these  YSZ  grain  boundaries.  In 
the  second  one,  Sun  et  al.  studied  the  co-electrolysis  of  H2O  and  CO2 
on  several  cells,  applying  -1  and  -1.5  A  cm-2  for  up  to  932  h  [106], 
Degradation  of  the  cells  was  observed,  and  results  from  impedance 
measurements  indicated  that  the  initial  degradation  (first  100  h) 
was  mainly  due  to  an  increase  in  Rp  while  the  long-term  degra¬ 
dation  (above  100  h)  was,  as  for  Knibbe  et  al.,  caused  to  a  large 
extend  by  an  increase  in  Rs,  indicating  structural  changes  of  the 
electrodes.  Thus,  based  on  the  ADIS  analysis  of  the  measured 
impedance  diagrams,  the  gas  shift  study  by  EIS,  and  conclusions 


from  other  studies  made  in  SOFC  mode  [102,107—110],  cell  degra¬ 
dation  at  -1  A  cm-2  was  associated  to  the  LSM— YSZ  electrode, 
while  both  Ni-YSZ  and  LSM-YSZ  electrodes  were  considered  to 
contribute  to  cell  degradation  at  -1.5  A  cm  2. 

The  next  three  papers  report  very  interesting  investigations 
dealing  with  particularly  long-term  degradation.  In  a  first  paper, 
Schefold  et  al.  considered  a  LSM— YSZ/YSZ/Ni-YSZ  commercial  cell, 
applying  -0.5  A  cm  2  for  up  to  about  1000  h  [111  ].  The  main  change 
with  time  in  impedance  was  the  increase  in  the  two  contributions 
at  intermediate  frequencies  between  3  kHz  and  3  Hz,  meaning  that 
at  least  two  processes  are  responsible  for  cell  degradation  in  this 
case.  One  possible  process  might  be  the  interfacial  charge  transfer, 
which  typically  appears  in  this  frequency  range  [50,120- 
122,124,128],  Furthermore,  a  strong  dependence  of  impedance  di¬ 
agram  to  PH2o/Ph2  in  this  frequency  range  was  observed,  which 
surely  means  that  an  important  part  of  cell  degradation  stems  from 
the  Ni-YSZ  electrode,  in  accordance  with  what  was  observed 
elsewhere  for  different  test  durations  [47,50,104],  The  second  paper 
from  Schefold  et  al.  is  particularly  interesting  because  of  the  test 
duration  [112],  Indeed,  the  cell  considered  in  this  study  (LSCF/YSZ/ 
Ni-YSZ)  was  tested  by  applying  -1  A  cm-2  for  9000  h,  which  is  the 
longest  SOEC  test  reported  so  far,  and  with  a  comparatively  low 
degradation  rate  of  3.8%  (40  mV)/1000  h.  In  this  case,  impedance 
increase  in  the  contribution  from  10  kHz  to  300  Hz  was  observed 
with  time,  here  as  well  possibly  associated  to  interfacial  charge 
transfer  [46,50,113,124,128],  Moreover,  reactivation  of  the  H2  elec¬ 
trode  was  observed  after  7615  h,  characterized  by  an  impedance 
increase  in  the  same  contribution.  Both  observations  support  a 
possible  H2  electrode  deactivation  with  time.  Furthermore,  increase 
in  a  small  contribution  with  a  phase  peak  at  30  Hz  was  observed, 
attributed  by  the  authors  to  mass  transport  at  the  H2  electrode. 
Nevertheless,  impedance  diagrams  showed  that  important  part  of 
cell  degradation  was  due  to  the  ohmic  contribution  since  important 
increase  in  Rs  was  observed  with  time.  This  study  was  completed  by 
Tietz  et  al.  with  a  post-test  analysis  of  the  cell  by  SEM  and  EDX 
[114],  Hence,  cell  degradation  was  mainly  characterized  by  (i)  in¬ 
ternal  pore  formation  in  YSZ  electrolyte  (Fig.  11)  due  to  cation 
migration;  (ii)  compositional  inhomogeneities  and  cation  de¬ 
mixing  in  the  LSCF  anode;  (iir)  destabilization  of  the  Ni— YSZ/YSZ 
interface  due  to  materials  transport  toward  LSCF  anode.  This  post¬ 
test  analysis  is  in  accordance  with  Schefold’s  impedance  diagram 
analysis  mentioned  above  [112], 

4.3.  Stack 

The  use  of  EIS  to  analyze  stack  cells  is  quite  limited.  As  a  matter 
of  fact,  very  few  works  can  be  found  in  the  literature  [115-119]. 
Nevertheless,  some  studies  are  worth  mentioning. 

In  the  first  study  considered  here,  Ebbesen  et  al.  focused  on  both 
electrolysis  of  H2O  and  co-electrolysis  of  H2O  and  CO2  [117],  The 
LSM- YSZ/YSZ/Ni-YSZ  cell  was  tested  for  up  to  about  1200  h  with 
different  current  densities  applied  (from  -0.20  A  cm-2 
to  —0.75  A  cm~2).  Gas  was  supplied  as  received  for  H2O  electrolysis 
while  it  was  cleaned  for  co-electrolysis  of  H2O  and  CO2.  In  the  case 
of  H2O  electrolysis,  an  increase  in  Rs  with  time  was  observed,  surely 
due  to  degradation  of  contacting  between  the  cells  and  the  inter¬ 
connect  plates.  An  Rp  increase  was  observed  as  well,  meaning 
degradation  of  electrochemical  processes.  Hence,  analysis  of  the 
impedance  data,  using  the  ADIS  method  in  this  study,  allowed 
noticing  that  degradation  was  characterized  by  a  relaxation  fre¬ 
quency  around  100-300  Hz,  as  observed  before  for  a  similar  cell 
but  in  a  single  cell  configuration  [47,99-101  ].  Hence,  since  gases 
were  supplied  as  received,  it  is  once  again  concluded  that  degra¬ 
dation  was  at  least  partly  caused  by  blockage  of  the  active  TPBs 
because  of  gas  impurities.  In  the  case  of  co-electrolysis,  no  Rp 


Table  3 

Main  experimental  conditions  and  cell  degradation  obtained  during  operation  for  the  papers  discussed  in  Section  4. 

Ref.  Cell  02  Electrode  Electrolyte  H2  electrode  Active  Temperature  Frequency  range  Parameters  studied 

configuration  area  (cm2)  (°C)  Amplitude  signal  using  E1S 

Fitting  with  EEC 


[88]  Symmetrical  LSM 

[89]  Symmetrical  LSM 

[92]  Symmetrical  LSM-YSZ 

[96]  Symmetrical  LSM— GDC 

[99]  Single  LSM-YSZ 

[100]  Single  LSM-YSZ 

[101]  Single  LSM-YSZ 

[47]  Single  LSM-YSZ 

[104]  Single  LSM-YSZ 

[105]  Single  LSM-YSZ 

[106]  Single  LSM-YSZ 

[111]  Single  LSM 

[112,114]  Single  LSCF 

[117]  6-cell  stack  and  LSM-YSZ 

10-cell  stack 

[118]  5-cell  stack  LSM-YSZ 

[119]  5-cell  stack  LSM-YSZ 

[120]  Microtubular  LSM-YSZ 


YSZ  (support)  LSM  0.8 

YSZ  (support)  LSM  0.5 

YSZ  (support)  LSM-YSZ  0.5 

YSZ  (support)  LSM— GDC  0.5 

YSZ  Ni— YSZ  (support)  16 

YSZ  Ni-YSZ  (support)  16 

YSZ  Ni-YSZ  (support)  16 

YSZ  Ni-YSZ  (support)  16 

YSZ  Ni-YSZ  (support)  - 

YSZ  Ni-YSZ  (support)  - 

YSZ  Ni-YSZ  (support)  16 

YSZ  Ni-YSZ  (support)  45 

YSZ  Ni-YSZ  (support)  45 

YSZ  Ni-YSZ  (support)  92.16 

YSZ  Ni-YSZ  (support)  100 

YSZ  (support)  Ni-CGO  100 

YSZ  Ni-YSZ  (support)  - 


840  200  kHz-0.1  Hz 


800 

650,  700,  750 
and  800 

650,  700,  750 
and  800 

750,  850 
and  950 

850  and  950 

850  and  950 


850 


750,  800 
and  850 


850 


800  and  850 


Between  800 
and  900 


About  780 


800,  850 
and  900 


100  kHz-0.1  Hz 


82  kHz-0.82  Hz 


82  kHz-0.82  H 


82  kHz-0.82  Hz 


H20  electrode  gas 

composition 

Time 

H20  electrode  gas 

composition 

Temperature 


82  kHz-0.82  Hz 


H20  electrode  gas 
composition 


Electrolysis  Current  density 

test  time  applied  for 

degradation  test 
(A  cm-2) 


Cell  degradation 
(3S/1000  h  or  mV/ 
1000  h) 


100  h  -0.2 

up  to  766  h  -0.25  and  -0.5 

up  to  1600  h  0, -0.5  and- 1 
up  to  1510  h  -0.5 
up  to  1340  h  -0.25  and -0.5 
up  to  382  h  -0.25,  -0.5  and  -1 

up  to  900  h  -1, -1.5  and -2  - 

up  to  932  h  -land -1.5 


up  to  about  -1  and  -1.5  From  2%/1000  h 

1000  h  (0.3  A  cm-2  applied)  to 

16%/1000h(0.5Acm-2 
applied) 

9000  h  -1  3.83S/1000  h 

up  to  1 500  h  -0.2,  -0.25,  -0.5  and  From  9  mV/1 000  h  to 

-0.75  240  mV/1000  h 

2651  h  -0.4,  -0.6  and  -0.8  About  3%/1000  h  for 

the  inner  cells 

4055  h  -0.4  5.6%/1000  h  (average) 


From  -2.5  to  0.5 


( continued  on  next  page ) 
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increase  was  observed,  which  means  no  electrode  processes 
degradation,  confirming  once  again  that  cleaning  the  inlet  gases 
allows  avoiding  at  least  partly  degradation  of  the  cells  [47],  even  in 
a  stack  configuration.  In  the  second  study,  Brisse  et  al.  tested  a  5-cell 
stack  with  cells  similar  to  what  used  in  the  work  reported  above 
[99]  for  more  than  2600  h  [118],  Even  if  impedance  spectroscopy 
measurements  included  only  the  first  700  h,  two  interesting  in¬ 
formation  were  obtained.  First,  a  shift  of  the  HF  part  of  the 
impedance  diagram  (/hf  around  100  Hz)  typically  associated  to 
interfacial  charge  transfer  [50,120—122,124,128]  was  observed. 
Indeed,  as  for  Hauch  et  al.  [99],  increase  followed  by  decrease  in  Rhf 
was  observed  with  time,  assimilated  to  passivation  and  activation 
of  the  stack,  respectively.  Second,  reduction  of  a  leaking  at  the  H20 
supply  tubing  within  this  time  period  led  to  the  decrease  in  the  LF 
part  of  the  impedance  diagram  (fi p  around  3  Hz)  attributed  to  gas 
diffusion  at  the  H2  electrode.  However,  it  would  have  been  even 
more  interesting  to  acquire  impedance  measurements  concerning 
the  additional  period  of  test.  In  the  third  study,  Schefold  et  al. 
considered  a  5-cell  stack  composed  by  a  commercial  LSCF/YSZ / 
Ni— CGO  cell  [119].  The  stack  was  tested  for  4055  h, 
applying  -0.4  A  cm-2.  In  this  case,  only  an  increase  in  Rs  was 
observed  with  time.  Since  no  electrolyte  degradation  was  observed 
in  the  post-test  analysis,  it  surely  means  that  degradation  of  the 
contact  at  the  cell  interconnects  occurred  during  the  test.  Moreover, 
impedance  data  analysis  revealed  no  change  in  the  two  phenomena 
suggested  by  the  authors,  interfacial  charge  transfer  and  gas 
diffusion. 
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4.4.  Original  papers  on  SOEC  degradation  study  by  EIS 

The  following  part  mentions  studies  that  address  SOEC  degra¬ 
dation  in  an  unusual  way,  either  the  configuration  of  the  system, 
the  physical  degradation  process  studied  or  the  adopted  analysis 
approach. 

In  the  first  study,  Laguna-Bercero  et  al.  considered  the  degra¬ 
dation  of  a  Ni— YSZ/YSZ/LSM— YSZ  cell  in  a  microtubular  configu¬ 
ration  at  high  current  densities  (up  to  -2.5  A  cm  2)  and  for 
different  water  vapor  partial  pressures  (Ph2o)  [120],  A  quite  sur¬ 
prising  observation  was  made  from  impedance  diagrams  measured 
at  OCV  with  different  Pu2o-  indeed,  changing  PH2o  led  to  an  increase 
in  Rs.  Since  Rs  is  independent  of  Ph2o,  this  increase  is  a  consequence 
of  YSZ  degradation  most  probably  due  to  the  operation  under  high 
current  densities.  Furthermore,  the  use  of  an  EEC  allowed  sepa¬ 
rating  Rp  into  two  terms  Rhf  and  Rlf.  Rhf.  which  remained  almost 
constant  with  PH2o  variation,  was  related  to  electrode  reactions 
[77,104,124,128]  whereas  Rlf,  which  decreased  with  PH2 0  increase, 
was  assigned  to  gas  diffusion  [77,104,124,128],  Additional  evidence 
of  YSZ  degradation  was  observed  from  impedance  diagrams 
recorded  at  OCV  before  and  after  a  test  operated  under  extreme 
conditions  (T  =  895  °C  and  -1.75  A  cm-2  applied).  Indeed,  only 
10  min  of  test  led  to  an  irreversible  degradation  of  YSZ  electrolyte 
characterized  by  a  63%  increase  in  Rs  while  Rp  remained  almost 
unchanged.  Post-test  analysis  of  the  cell  using  SEM  and  EDS 
showed  other  evidences  of  YSZ  degradation  such  as  presence  of 
voids  and  cracks  at  the  grain  boundaries  of  the  YSZ  electrolyte  close 
to  LSM-YSZ  electrode. 

In  the  second  study,  Schefold  et  al.  investigated  the  electronic 
conduction  of  YSZ  electrolyte  considering  a  LSM— YSZ/YSZ/Ni— YSZ 
cell  [121],  Identification  of  YSZ  electronic  conduction  was  allowed 
by  comparison  of  the  impedance  diagrams  measured  with  and 
without  H20  supply.  When  H20  was  supplied  to  the  cell  (50%  in  this 
study),  two  contributions  could  be  observed:  a  HF  contribution 
with  a  relaxation  frequency  at  1  kHz  associated  to  charge  transfer  at 
both  electrode/electrolyte  interfaces  [46,50,122,124,128],  and  a  LF 
contribution  with  a  peak  at  2  Hz  related  here  to  H20  conversion 
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Fig.  7.  Schematic  illustrations  of  the  microstructural  change  of  the  LSM  oxygen  electrode/YSZ  electrolyte  interface  under  SOEC  operation  conditions:  (a)  oxygen  migration  from  YSZ 
electrolyte  to  LSM  grain  bulk  at  the  interface,  (b)  local  tensile  strains  within  LSM  particles  due  to  the  shrinkage  of  LSM  lattice,  (c)  local  tensile  strains  induced  microcrack  formation, 
(d)  formation  of  individual  nanoparticles,  (e)  propagation  and  continuous  nanoparticles  formation  and  LSM  grain  is  bonded  to  YSZ  electrolyte  through  bridges  along  edge  of  the 
convex  contact  ring,  and  (f)  formation  of  complete  nanoparticle  layers  and  delamination  of  the  LSM  oxygen  electrode  under  high  internal  oxygen  partial  pressure  at  the  interface. 
According  to  Ref.  [89],  Elsevier  permission. 


[50,86]  whereas  this  contribution  is  usually  attributed  to  gas 
diffusion  at  the  H2  electrode  [104,124,128],  Hence,  when  no  H2O 
was  supplied,  a  shift  of  the  LF  contribution  from  2  Hz  to  up  to  30  Hz 
was  noticed,  depending  on  the  current  density  applied.  Besides,  in 
such  condition,  increasing  the  current  density  led  to  a  decrease  in 
the  impedance  diagram  at  all  frequencies,  meaning  a  decrease  in 
the  resistance  to  electronic  conduction  of  the  YSZ  electrolyte. 

In  the  last  study  discussed  in  this  part,  Petipas  et  al.  tested  a 
commercial  LSCF-GDC/YSZ/Ni-YSZ  cell  for  600  h  [123],  The  sin¬ 
gularity  of  this  study  is  that  electric  transient  operations  are 
included  in  the  test,  which  is  of  particular  interest  for  the  possible 
coupling  of  SOECs  with  intermittent  sources  of  energy  such  as  solar 
cells  and  wind  turbines.  Transient  tests  consisted  in  1800  square 
waves  applied  over  140  cumulated  hours,  with  an  applied  current 
of  - 1  A  and  -20  A  as  well  as  0  A  and  -20  A.  In  this  case,  as  shown 
Fig.  12,  Rp  was  separated  into  three  contributions:  Rhf  with  a 
relaxation  frequency  /hf  —  3.5  kHz,  Rmf  with  /mf  —  70  Hz  and  Rlf 
with/LF  =  2  Hz.  Moreover,  as  shown  in  Fig.  12,  evolution  of  the  cell 
behavior  with  time  (500  h)  by  EIS  led  here  to  the  following 


Ph2o/ph2  =  7  at  the  H20  electrode  and  oxygen  was  passed  over  the  02  electrode. 
Closed  symbols  for  Rp  correspond  to  the  impedance  spectra  shown  in  Fig.  9.  According 
to  Ref.  [99],  Elsevier  permission. 


observations:  cell  degradation  occurred  with  time,  mainly  charac¬ 
terized  by  an  increase  in  both  Rs  and  Rmf  which  could  not  be  clearly 
ascribed  to  a  phenomenon.  In  the  meantime,  Rlf  associated  to  gas 
diffusion  at  the  Ni-YSZ  electrode  was  found  to  remain  almost 
unchanged.  Even  if  Rhf  showed  almost  no  variation  globally, 
important  value  changes  could  be  noticed  with  time  (more 
particularly  between  t  =  300  h  and  t  =  400  h),  which  makes 
difficult  to  conclude  for  this  contribution  usually  associated  to 
interfacial  charge  transfer  [50,104,120,124,128],  Hence,  further  in¬ 
vestigations  are  needed  to  have  a  better  understanding  on  transient 
conditions  of  operation  on  the  SOE  cell  behavior.  Nevertheless,  this 
very  interesting  work  showed  that  SOECs  can  be  operated  under 
on— off  conditions  without  important  degradation,  making  possible 
its  coupling  with  intermittent  energy  sources. 

5.  Systematic  EIS  analysis  of  SOEC 

It  is  quite  surprising  to  notice  that  not  many  studies  have  been 
reported  so  far  in  literature  on  the  systematic  EIS  analysis  of  SOE 
single  cell  with  the  variation  of  experimental  parameters  such  as 
current  density,  temperature,  Ph2o/ph2  ratio  or  gas  flow  rate.  The 
following  papers  discussed  below  are,  with  the  ones  already  dis¬ 
cussed  earlier  [47,92,96,111  ],  the  only  studies  found  in  the  literature 
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Fig.  9.  Impedance  spectra  recorded  after  1,  45, 116  (max  Rp),  and  317  h  of  electrolysis 
for  the  Ni— YSZ/YSZ/LSM— YSZ  cell  at  constant  conditions  (850  °C,  -0.25  A  cm  2, 
Ph2o/Ph2  =  7,  under  02).  The  spectrum  recorded  after  45  h  of  electrolysis  was  during 
passivation  of  the  cell  while  the  spectrum  recorded  after  317  h  of  electrolysis  was 
during  the  subsequent  activation  of  the  cell  that  happened  over  time  at  the  same 
constant  electrolysis  conditions  as  during  the  initial  passivation.  According  to  Ref.  [99]. 
Elsevier  permission. 
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Fig.  10.  Schematic  presentation  of  Si-containing  impurities  segregating  to  the  H20 
electrode/electrolyte  interface  during  electrolysis  as  observed  by  SEM.  The  impurities 
tend  to  block  the  3  PB,  or  also  segregate  to  the  2  PB  between  the  Ni  and  the  YSZ. 
According  to  Ref.  [100],  Elsevier  permission. 


so  far  with  such  an  approach.  In  the  first  paper,  Brisse  et  al.  studied 
the  influence  of  current  density,  Ph2o/Ph2  and  temperature  on  cell 
behavior  [124],  They  considered  a  commercial  LSM/YSZ/Ni— YSZ 
cell.  In  this  case,  three  contributions  could  be  distinguished  as  part 
of  Rp:  PHi  between  10,000  and  100  Hz,  RMi-  between  100  and  10  Hz, 
and  Rlf  between  10  and  1  Hz.  Besides,  a  decrease  in  all  three  con¬ 
tributions  with  increasing  temperature  was  observed,  meaning 
that  there  are  thermally  activated.  Moreover,  impedance  mea¬ 
surements  for  different  current  densities  applied  and  different 
Ph2o/Ph2  ratios  allowed  identifying  two  contributions:  Rhf.  which 
increases  with  increasing  current  densities  applied,  was  related 
to  charge  transfer  at  the  electrode/electrolyte  interface 

[47.50.104.120.128]  while  Rlf  was  associated  to  gas  diffusion  at  the 
H2  electrode  since  it  decreases  with  increasing  Ph2o/Ph2  ratio 

[77.104.120.128] ,  In  the  second  paper,  Graves  et  al.  examined  the 
change  in  temperature  and  gas  composition  on  a  LSM-YSZ/YSZ/ 
Ni— YSZ  cell  used  for  co-electrolysis  of  H20  and  C02  [104],  In  this 
case,  impedance  data  analysis  with  the  DRT  approach  led  to  the 
determination  of  five  summit  frequencies.  Hence,  based  on  the 
model  developed  by  Barfod  et  al.  [102,125],  five  rate  limiting  pro¬ 
cesses  could  be  identified  (from  higher  to  lower  frequencies):  a  first 
LSM— YSZ  electrode  process  independent  of  any  gas  changes,  a  Ni— 
YSZ  electrode  process,  a  second  LSM— YSZ  electrode  process,  and 
two  low  frequency  processes  mainly  at  the  Ni-YSZ  side  of  the  cell 
independent  of  temperature  and  ascribed  to  gas  conversion  and  gas 
diffusion  [107,108,126],  In  the  same  paper,  a  study  on  cell  degra¬ 
dation  was  also  done,  as  previously  discussed  (see  Section  4.2). 

It  is  also  interesting  to  mention  the  work  realized  by  Laguna- 
Bercero  et  al.  who  studied  the  electrolyte  degradation  including 


as  a  consequence  of  the  degradation  test  on  the  Ni— YSZ/YSZ/LSCF  cell  for  9000  h  at 
about  780  °C  and  -1  A  cnr2.  According  to  Ref.  [114],  Elsevier  permission. 


by  means  of  the  influence  of  Ph2o/Ph2  ratio  in  a  tubular  cell 
configuration  [84],  or  Schefold  et  al.  who  focused  on  the  possible 
electronic  conduction  of  YSZ  electrolyte,  considering  especially  the 
influence  of  current  density  applied  [121],  These  studies  were 
discussed  in  more  details  before  (see  Section  4.4). 

The  next  paper  reports  a  recent  work  published  by  Shin  et  al.  on 
a  LSM/YSZ/Ni— YSZ  cell  [127],  This  work  is  very  interesting  through 
several  points.  Firstly,  the  inductive  loop  usually  observed  on 
impedance  diagrams  and  attributed  to  wiring  artifacts  was 
modeled  here  by  an  inductance— resistance  parallel  circuit,  with  the 
resistance  proportional  to  the  inductance.  Secondly,  study  of  the 
cell  with  the  change  in  the  current  density  applied  and  Ph2o/ph2 
ratio,  coupled  to  the  use  of  an  equivalent  circuit  including  ideal 
Gerischer  element,  allowed  the  deconvolution  of  three  main  con¬ 
tributions  to  polarization  losses:  a  charge  transfer  impedance  of 
Ni— YSZ  electrode,  a  “kinetics  co-limited  by  surface  diffusion  and 
desorption”  impedance  of  LSM  electrode,  and  a  gas  diffusion 
impedance  of  Ni-YSZ  electrode.  Increase  in  both  Ni-YSZ  imped¬ 
ances  and  decrease  in  LSM  impedance  were  observed  with 
increasing  current  densities  applied.  Moreover,  the  LSM  contribu¬ 
tion  was  further  investigated  using  a  finite-length  Gerischer 
element  composed  by  three  independent  parameters  including  the 
adsorption  capacitance  Cp,  which  allowed  a  better  understanding 
on  the  influence  of  current  density  and  Ph2o/Ph2  on  the  surface 
diffusivity  D,  the  ad/desorption  coefficient  k  and  the  utilization 
length  Is,  all  related  to  the  LSM  electrode.  Hence,  it  was  found  that 
(i)  decrease  in  the  LSM  contribution,  represented  as  (Cp(kD)1/2)-1, 
can  be  ascribed  to  the  increase  in  Cp,  D  and  k\  (ii)  for  lower  ratio 
Ph2o/Ph2  =  3,  the  decrease  in  the  LSM  contribution  is  mainly  due 
to  the  increase  in  both  D  and  Cp;  (iii)  for  higher  ratio  Ph2o/Ph2  —  5, 
the  decrease  is  mainly  associated  to  the  increase  in  Cp.  Last  inter¬ 
esting  point,  estimation  of  D  =  2  x  10  4  cm2  s-1,  k  =  103  s'  1  and 
Is  =  5  pm  was  deduced  from  the  finite-length  Gerischer  model, 
representing  the  effective  values  of  the  LSM— YSZ  functional  layer 
with  a  thickness  of  about  10  pm. 

In  the  last  paper  of  this  part,  the  SOE  cell  is  studied  considering 
an  important  number  of  parameters.  Indeed,  in  this  study  by 
Nechache  et  al.,  EIS  and  chronopotentiometry  were  combined  in 
order  to  characterize  the  electrochemical  performance  and 
behavior  of  a  commercial  LSCF/YSZ/Ni— YSZ  cell  through  the  anal¬ 
ysis  of  current  density,  temperature,  Ph2o/Ph2  ratio,  H20  electrode 
gas  flow  rate  and  P02  at  the  02  electrode  [128],  Hence,  analysis  of 
these  experimental  parameters  coupled  with  the  use  of  EEC 
allowed  the  deconvolution  of  the  measured  impedance  diagrams 
into  three  or  four  arcs,  each  of  them  characterized  by 
specific  capacitance  and  relaxation  frequency.  Thus,  each  arc  could 
be  ascribed  to  a  phenomenon  directly  related  to  the  electro¬ 
chemical  reactions  or  cell  degradation.  In  this  case,  in  accordance 
with  literature  [50,111,120—122,124],  impedance  diagram  analyses 
conduced  to  the  following  identification:  (i)  the  HF  arc,  mainly 
influenced  by  temperature  and  current  density,  and  characterized 
by  (Chf  -  1  mF  cm  2,/hf  =  100  Hz}  was  related  to  charge  transfer  at 
the  electrode/electrolyte  interface;  (ii)  the  LF  arc,  mainly  influenced 
by  current  density,  Ph2o/Ph2  ratio  and  H2  electrode  gas  flow  rate, 
and  characterized  by  {Clf  —  10  F  cm_2,/LF  =  0.1  Hz}  was  attributed 
to  gas  diffusion  at  the  H2  electrode.  Furthermore,  the  MF  part  of  the 
impedance  diagram  was  constituted  by  one  or  two  arcs,  depending 
on  the  experimental  conditions  of  the  cell.  The  corresponding 
capacitance  and  relaxation  frequency  orders  of  magnitude  were 
{Cmf  —  0.1  F  cm-2,  /mf  =  1  Hz}  when  one  arc  was  considered  and 
{Cmfi  =  0.1  F  cm  2, /MFI  =  10  Hz;  CMf2  =  0.5  F  cm_2,/MF2  =  1  Hz} 
when  two  arcs  were  considered.  According  to  the  fact  that  this  MF 
part  was  varying  with  current  density,  Ph2o/Ph2  ratio  and  H2  elec¬ 
trode  gas  flow  rate,  and  based  on  the  literature,  these  values  could 
be  ascribed  to  gas  diffusion  at  the  02  electrode  [109]  and/or  to  O2- 
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Fig.  12.  Evolution  of  the  area  specific  resistances  of  the  modeled  equivalent  circuits  (left)  and  their  corresponding  relaxation  frequencies  (right)  during  testing  of  the  Ni-YSZ/YSZ / 
GDC-LSCF  cell  at  about  700  °C.  According  to  Ref.  [123],  Elsevier  permission. 


ion  transport  through  the  O2  electrode  [109]  and/or  gas  conversion 
at  the  H2  electrode  [99,101,105,107],  Thus,  further  studies  are 
required  to  clearly  ascribe  the  MF  part  of  the  impedance  diagram  to 
one  or  several  of  the  mentioned  phenomena.  Moreover,  even  if 
some  of  the  phenomena  were  not  fully  identified,  it  is  very  inter¬ 
esting  to  deduce  from  Fig.  13a  and  b  that  the  phenomena  influ¬ 
encing  the  studied  cell  were  characterized  by  capacitances  and 
relaxation  frequencies  with  different  orders  of  magnitude,  meaning 
that  applying  this  approach  clearly  allowed  distinguishing  the  main 
phenomena  governing  the  SOEC,  at  short  term  in  this  case.  Hence, 
this  work  constitutes  a  first  and  important  step  for  the  systematic 
in-situ  diagnosis  by  EIS  of  SOEC  reaction  mechanisms  and 
degradation. 


6.  Conclusive  remarks 

This  review  has  evidenced  how  EIS  can  be  used  as  a  diagnosis 
tool  of  SOEC  performance  and  degradation.  Indeed,  this  review  has 
firstly  shown  the  ability  of  EIS  to  characterize  SOEC  electrodes’ 
performance  and  mechanisms.  Furthermore,  it  has  been  estab¬ 
lished  that  the  use  of  this  in-situ  fundamental  tool  during  SOEC 
testing  additionally  to  post-test  characterization  methods  allows 
going  further  into  the  understanding  of  the  processes  explaining 
SOEC  degradation  for  symmetrical,  single  and  stack  cell  configu¬ 
rations,  for  both  short-  and  long-term  studies.  However,  a  thorough 
understanding  of  SOEC  functioning  and  degradation  processes  is 
still  needed  to  reach  commercially  viable  performances  for  both 
short-  and  long-term  potential  applications.  Therefore,  as  shown  in 
this  review  through  a  few  examples,  a  possible  answer  to  this 
requirement  might  be  the  deeper  development  of  a  systematic  EIS 
analysis  of  SOEC  with  the  variation  of  experimental  parameters 
such  as  temperature,  current  density  or  gas  composition.  Never¬ 
theless,  the  studies  discussed  in  this  review  show  that  this 
approach  has  to  be  improved  in  several  ways.  To  begin  with,  as 
explained  earlier,  combination  of  DRT  or  ADIS  with  EEC  is  strongly 
recommended.  This  has  almost  not  been  done  so  far.  Besides,  the 
characteristic  values  obtained  from  impedance  diagrams  fitting  by 
EEC  should  be  more  often  mentioned  in  the  papers  and  further 
discussed,  for  instance,  by  establishing  correlations  between  this 
characteristic  values  and  the  identified  electrochemical  processes 
or  by  discussing  how  they  answer  to  the  variation  of  a  parameter.  In 
addition,  reliability  of  impedance  data  interpretation  can  be  ques¬ 
tionable  when  associations  of  characteristic  values  to  electro¬ 
chemical  processes  are  only  based  on  results  obtained  in  a  SOFC 
configuration,  which  is  close  in  some  ways  to  a  SOEC  configuration 
but  still  different,  including  in  terms  of  reaction  mechanisms.  Thus, 


once  improved  and  generalized,  extension  of  this  approach  to 
different  kind  of  cells  (composition,  microstructure,  dimension, 
etc...)  can  thus  lead  to  the  set-up  of  a  strong  database  for  the 
identification  of  the  main  phenomena  explaining  SOEC  functioning 
and  degradation. 


magnitude  obtained  through  this  study.  Measurements  were  performed  on  the  Ni- 
YSZ/YSZ/LSCF  cell  for  PHjo/PHj  =  9  (H20  electrode),  air  (02  electrode),  H20  electrode 
gas  flow  rate  xl*.  *  =  2.26  NL/h.  According  to  Ref.  [128], 
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